
Abstract. The tumor suppressor PTEN is a phosphatase
using FAK and Shc as direct substrates, and Akt as a key
effector via PIP3. PTEN regulates cell migration and may
influence metastases. We quantified PTEN in 135 clear cell
renal cell carcinomas (ccRCC) by Western blot analysis and
found statistically significant lower PTEN expression in
patients who died, usually caused by metastases, within 5
years after surgery, compared to those surviving this time
period. In athymic mice, PTEN transfected 786-O cells were
injected into the tail vein and metastatic load of the lungs was
quantified. We observed a strongly reduced metastatic load
after PTEN transfection. For analyses of the PTEN activities,
transfections with mutated PTEN genes were performed,
leading to loss of lipid phosphatase activity and/or protein
phosphatase activity, and of the C-terminal tail. Cell migration
was analyzed in a Boyden chamber and phosphorylation of
PTEN downstream targets Akt, FAK and Shc by Western
blotting. 786-O cells transfected with the functional PTEN gene
showed profoundly diminished migration. Transfection with
a mutated PTEN isoform leading to loss of protein phosphatase
activity, but not of lipid phosphatase activity, abolished this

effect. Shc but not FAK seems to mediate this effect. These
results show a critical role of PTEN in metastasis of RCC,
depending on protein phosphatase activity via Shc. This new
insight opens an alley of additional approaches complementing
current cancer therapy and metastasis prediction in RCC.

Introduction

The tumor suppressor PTEN is a dual specific protein and
phospholipid phosphatase ubiquitously expressed in epi-
thelial tissue. It has been shown to affect cell survival,
proliferation, apoptosis and cell motility (1,2). The PTEN
gene is located on chromosome 10q23.3 and includes 9 exons
(3). The PTEN phosphatase comprises 403 amino acids, with
an N-terminal phosphatase domain, followed by a C2 domain
playing an important role in membrane localization (4). These
two domains form the catalytic phospholipid and protein
phosphatase unit of PTEN. The C-terminus includes a PDZ
(PSD-95, DLG, ZO-1) binding domain and several phospho-
rylation sites (1). PTEN has been shown to bind to PDZ-
containing proteins near the cell membrane, thus recruiting
it into the PTEN-associated complex (5-7). Phosphorylation
of PTEN in the C-terminal tail results in a conformation
change, leading to a masking of the PDZ binding site (8).
After dephosphorylation, PTEN is transiently activated and
becomes more sensitive to protease digestion (1,8).

In many advanced tumor entities, the PTEN gene is mutated
or deleted (9,10). Somatic point mutations are described as
being associated with various tumor entities and are observed
most often in endometrial carcinoma, glioblastoma and prostate
carcinoma (11). Germline mutations of PTEN have been
found to be distributed in all of the gene, with the exception
of exon 9. Approximately one third of all mutations can be
found in exon 5, which encodes for the catalytical core motif
of the phosphatase domain. Some of these mutations inhibit
only specific activities of the PTEN molecule, leaving other
PTEN functions intact, so does the transversion c.370T→A
[nomenclature of Beaudet and Tsui (12)] in exon 5, first
described in endometrial carcinoma, lead to an amino acid
exchange in position 124 (C124S) that inhibits lipid and
protein phosphatase activity of the enzyme (13). The transition
c.386G→A, also located in exon 5 results in a G129E exchange
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that abrogates specifically lipid phosphatase activity of PTEN
(14). Furthermore, a deletion of exon 3 markedly reduces
the protein phosphatase activity and leads to an augmented
localization of PTEN to the nucleus (15). 

PTEN is involved in the regulation of a variety of signal
transduction pathways. By dephosphorylation of PIP3 (phos-
phatidylinositol 3,4,5-triphosphate) in the 3-position of the
inositol ring, PTEN antagonizes the PI3 kinase and inhibits
the activation of Akt/PKB (16). Thereby PTEN inhibits cell
proliferation and migration, and induces apoptosis (17,18). By
reducing the phosphorylation of Shc (Src-homology collagen),
an SH2 binding adaptor molecule, PTEN inhibits the MAPK
pathway and reduces cell proliferation. The protein phosphatase
activity of PTEN is also involved in the dephosphorylation
and inactivation of focal adhesion kinase (FAK). Thereby it
also regulates cell proliferation and the interaction between
extracellular matrix and cytoskeleton with consequences on
cell motility (19). These findings suggest that PTEN dependent
cell migration is regulated by the protein phosphatase and the
phospholipid phosphatase activity of PTEN, although the
role of PIP3-independent effects of PTEN are controversially
discussed (20,21). However, other mechanisms of involvement
of PTEN in cell migration have also been identified. So it
has been shown that over-expression of PTEN inhibited
migration of outward mesodermal cells from the anterior
primitive streak during chicken embryo development (18).
After transfection of these cells with PTEN containing the
point mutation C124S, the inhibitory effect of PTEN on
migration was abolished. However, the mutation G129E, that
retained protein phosphatase activity, showed an inhibitory
effect as effectively as wild-type PTEN (18). Microinjection
of G129E mutated PTEN in PTEN null glioblastoma cells
also resulted in inhibition of cell motility (22), suggesting
that the protein phosphatase activity of PTEN is essential for
migration of these cells. 

In this report, we studied the role of PTEN in metastases
of clear cell renal cell carcinoma (ccRCC). We compared
the PTEN expression in ccRCC specimens with the survival
rate of the patients and analyzed the metastatic activity of
ccRCC cells transfected with PTEN. Our in vitro system was
finally tested in a mouse model. To investigate the molecular
mechanisms involved in this process in detail, we used
wtPTEN and different mutated PTEN isoforms, that selectively
impaired specific PTEN activities. The C124S isoform was
used to generate loss of general phosphatase activity, G129E
for ablation of protein phosphatase activity (Δexon3) for
deprivation of lipid phosphatase activity (15) and the ΔC-
terminus for loss of PDZ binding domain and phosphorylation
sites, respectively. We analyzed the effect of these isoforms
on cell migration and the activity of downstream targets of
PTEN. 

Materials and methods

Specimens. Tissue samples were obtained under sterile
conditions from 144 patients, 81 males and 53 females, median
age of 65.3 years, with primary ccRCC who underwent
nephrectomies at the Department of Urology of the University
Medical Center of the Johannes Gutenberg University, Mainz,
Germany between 1994 and 2002. Informed consent was

obtained from each patient. Samples from renal cortex and
tumor tissue (~5x5x5 mm) were shock-frozen in liquid
nitrogen and stored at -80˚C. The diagnosis of ccRCC was
based on hematoxylin and eosin sections. 

In vivo analyses of metastases. The influence of PTEN in
metastasis of renal cancer was investigated in vivo. The
capability of kidney cancer cells to metastasize in the lung
was analysed by comparing 786-O cells lacking PTEN and
VHL but expressing EGFP with 786-O cells expressing
wtPTEN or VHL. Real-time PCR was used for quantification
of the tumor load in the lungs of athymic mice (3 animals
per group) four weeks after i.v. injection of 106 786-O cells
transfected with either EGFP, wtPTEN or VHL in 200 μl
PBS. DNA was extracted using QIAamp DNA Mini Kit
(Quiagen) and a 226-bp fragment of the ·-satellite region of
the human chromosome 17 (sense 5'-CCT CTG ACT AAA
CAG AAG CAG-3'; antisense 5'-GAG TTG AAT GCA ATC
ACA G-3') was amplified from 1 μg total DNA. The tumor
load was quantified by referring to a standard curve generated
by a serial dilution of human cells in NIH3T3 mouse fibro-
blasts. Animal procedures conformed to the Guide for the
Care and Use of Laboratory Animals published by the National
Institutes of Health. The protocol was approved by the
Institutional Animal Care and Use Committee.

Cell line and cell culture. Clear cell renal carcinoma cell
line 786-O, that is per se PTEN negative, was used for all
experiments. These cells are characterized by a loss of the
VHL gene and meet all characteristics of a typical clear cell
RCC (23). Cells were cultured in DMEM (Dulbecco's modified
Eagle's medium, Sigma-Aldrich) with L-glutamine (Gibco),
supplemented with 10% fetal calf serum (PAA Laboratories)
and 0.5% penicillin/streptomycin (Pan). The cells were
incubated at 37˚C in a humidified atmosphere containing 5%
CO2 in air. 

Cloning of mutations and plasmid construction. In short,
cDNA of wtPTEN was PCR amplified, inserted into a pcDNA3
vector and 3' in frame tagged with a V5 encoding domain. In
addition VHL and EGFP (as an expression control) cDNAs
containing the complete ORFs were each cloned directionally
into a NaeI/BglII digested, alkaline phosphatase treated
pCDNA3 vector (Invitrogen). Chemocompetent DH5· E. coli
cells were transfected with the expression plasmids including
genes described and EGFP as a control. Individual clones
were selected according to their resistance to ampicilline and
verified by complete sequencing of the plasmid. 

To produce a mutant with an inactive protein and lipid
phosphatase activity, point mutation PTEN-C124S was derived
from wtPTEN, 3' in frame tagged with a V5 domain, using
the mutagenic oligonucleotide primer 5'-AGC AAT TCA
CAG TAA AGC TGG AAA G-3' (forward) and 5'-CTT TCC
AGC TTT ACT GTG ATT TGC T-3' (reverse). Point mutated
PTEN-G129E was derived from wtPTEN using the mutagenic
oligonucleotide primer 5'-TCA CTG TAA AGC TGG AAA
GGA ACG AAC TGG TGT AAT GA-3' (forward) and 5'-
TCA TTA CAC CAG TTC GTT TAC AGT GA-3' (reverse).
For verification of a successful point mutation, the resulting
cDNAs were analysed by sequencing.
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Deletion of exon 3 (Δexon3) was created by modified
PCR using the primer for exons 1-2 5'-TCC TTC CAT CCG
CGC CGC CT-3' (forward) and 5'-TTC AAA AAG CTT
ACT ACA TCA-3' (reverse). Primers for exons 4-9 were
5'-GCG AAG CTT TGC TGA AAG ACA-3' (forward) and
5'-CAC ATA GCG CCT CTG ACT GG-3'. These primers
include restriction sites for the restriction endonuclease HindIII.
Deletion of the C-terminus (ΔC-terminus) was performed by
digestion of the 3' in frame V5 tagged wtPTEN-pBABEpuro
with NheI and BstBI and subsequent religation. This process
deletes a 201-bp fragment including the PDZ binding domain
and C-terminal phosphorylation sites. 

All PTEN constructs thus were tagged with a V5 domain
for specific detection by a V5 specific antibody (Serotec). After
cutting of the pCDNA3 plasmids containing EGFP, VHL or
the V5 tagged PTEN-variants with BamHI and PmeI, the
purified fragments were directionally inserted into a compatibly
linearized and alkaline phosphatase treated pBABE puro
vector. Chemocompetent E. coli DH5· cells were transfected
with the expression plasmids including genes described and
DH·5 clones were picked for their resistance to ampicilline. 

Production of recombinant retroviruses and retroviral
infections. To obtain recombinant retroviruses, BOSC-23
ecotropic packaging cells (24) maintained in DMEM supple-
mented with 10% FCS in humidified 5% carbon dioxide
atmosphere were transfected as described (24) using the
pBABE retroviral vectors coding for either VHL, EGFP,
the V5 tagged PTEN versions or the empty vector. In short,
5x106 BOSC-23 cells were plated onto 10-cm tissue culture
dishes in DMEM supplemented with 10% FCS and grown
for 24 h. One μg of each expression plasmid/10-cm dish was
transfected with the calcium phosphate precipitation method.
After 10-12 h the medium was changed and cells were
incubated for an additional 16-60 h in DMEM-10% FCS.
The medium was again replaced, the retroviral supernatant
was harvested and, after removal of cell debris by filtration
through 0.25 μm cellulose filters, frozen at -30˚C for later
use.

For retroviral infection, 786-O kidney carcinoma cells
(106) were plated in 2 ml DMEM supplemented with 10%
FCS in humidified 5% carbon dioxide atmosphere for 24 h,
then incubated with 2 ml BOSC-23 retroviral supernatant
supplemented with 8 μg/ml polybrene for 24 h, then again
infected with retroviral supernatant supplemented with 8 μg/ml
polybrene for additional 8 h. To select for transfected cells,
culture medium was then exchanged with 2 ml DMEM-10%
FCS with 5 μg/ml puromycin (10 mg/ml) per well. Expression
of pBABE-construct encoded proteins was confirmed by
Western blotting with an antibody against V5, VHL or
EGFP, respectively.

Western blot analysis. For preparation of protein extracts,
renal tumor tissue was pulverized with a mortar under liquid
nitrogen and suspended on ice in lysis buffer (20 mM HEPES,
pH 7.7, 0.2 M NaCl, 1.5 mM MgCl2, 0.4 mM EDTA, 1%
Triton X-100, 0.5 mM DTT, 100 μg/ml leupeptin, 100 μg/ml
aprotinin, 10 mM benzamidine, 2 mM phenylmethylsulphonyl
fluoride, 20 mM ß-glycerophosphate and 0.1 mM sodium-
orthovanadate) (25). Extracts of overall protein were prepared

from renal tumor cells by RIPA lysis buffer (10 mM Tris-
HCl pH 8.0, 140 mM NaCl, 1% Triton X-100, 1% Na-
deoxycholate, 0.1% SDS, 0.025% NaN3), including protease
and phosphatase inhibitors, on ice. Cytoplasmatic proteins
were prepared by lysis buffer I (10 mM HEPES/KOH pH 7.9,
1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.1% bensonase)
including protease and phosphatase inhibitors, on ice. After
centrifugation, the soluble cytoplasmatic proteins were
separated from insoluble nuclei proteins. For preparing nuclei
proteins, the pellet was treated by lysis buffer II (20 mM
HEPES/KOH pH 7.9, 1.5 mM MgCl2, 420 mM NaCl, 0.2 mM
EDTA, 25% glycerol, 0.5 mM DTT, 0.1% bensonase)
including protease and phosphatase inhibitors, on ice. Protein
concentrations of the extracts were determined using BCA
(bicinchoninic acid) reagents (26).

Equal amounts of the protein extracts (100 μg per lane
from cells or 30 μg per lane from tissue specimens) were
separated by SDS-PAGE (sodium dodecyl sulfate-poly-
acrylamide) gel electrophoresis of 10% polyacrylamide and
transferred by semi-dry blotting onto polyvinylidene fluoride
membranes (PVDF, Immobilon P, Millipore) for Western
blotting. The membrane was blocked in Roti-block blocking
solution (Roth) for 1 h. The primary antibodies were incubated
for one hour in blocking solution. The mouse monoclonal
antibodies against V5-TAG (Serotec), VHL (PD Pharmingen),
PTEN (25H9), phospho-PTEN Ser380/Thr382/383, phospho-
Akt Ser473 (Cell Signaling), phospho-FAK Tyr397 (Milli-
pore), phospho-Shc Tyr 239/240 (Cell Signaling) and ß-actin
(Sigma-Aldrich) were diluted 1:1000. After washing, the
membrane was incubated with horseradish peroxidase-
conjugated secondary antibodies (Santa Cruz) and diluted
1:5000 for 1 h at room temperature. The bound antibodies
were visualized by an enhanced chemiluminescence (ECL)
detection system using Fuji medical X-ray film. 

For quantification of PTEN in tissue specimens, the
Western blot membrane was stained with Coomassie brilliant
blue (Sigma) and the amount of total protein was calculated
by integration of the bands of each lane using Image J software.
To allow comparison of different experiments, the same
positive control was loaded on each gel and used as an internal
standard. The amount of PTEN was analogously calculated
by computer-aided integration of the band after subtraction
of the background and referred to the value of total protein.

Statistical analysis. For statistical analyses SPSS 17.0 software
was applied. PTEN expression in renal tumor tissue was
quantified and presented as relative units. Time of overall
and disease specific death of the patients were registered and
the 5-year survival rate was calculated. Differences in the
expression of PTEN in tumor tissue of patient's dead within
5 years and those surviving were performed using the
Mann-Whitney test. Differences were considered statistically
significant at p<0.05.

Cell migration assay. A microchemotaxis chamber (Costar)
containing an upper and a lower space separated by a porous
polycarbonate membrane (pore diameter 8 μm), was employed
for the migration experiments. The chamber was divided
into 48 wells, resulting in an invasion unit with a surface of
~7.8 mm2. 
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Renal tumor cells, transfected as described above, were
harvested, washed with PBS and resuspended in serum-free
culture medium. In the experiments, the wells of the chemo-
taxis chamber were coated with 30 μl fibronectin, laminin or
collagen IV (each 1-500 μg/ml) and covered with the poly-
carbonate membrane. The tumor cell suspension (3x105 cells/
ml) was introduced into the upper part of the chamber. After an
incubation period of 16 h at 37˚C in a humidified atmosphere
containing 5% CO2 in air (27), cells that did not pass the
polycarbonate membrane were removed from the upper side
of the porous membrane by washing with buffer solution
according to Weise (Merck) and by mechanical removal with
a rubber policeman. The membrane was dried for 10 min and
fixed in methanol. Afterwards, the nuclei and cytoplasm were
specifically stained with hemacolor (Merck) and embedded
on a glass slide coated with immersion oil. The number of
invasive tumor cells was evaluated by a microscopic test raster
ocular (Zeiss, 400-fold magnification) (28). For a single
determination, 10 different views per well with a combined
membrane surface of 2.5 mm2 were evaluated. The experiments
were performed 4-8-fold and repeated four times. For statistical
confirmation, three independent migration experiments, each
4-fold, were performed respectively. A mean value and a
standard error were calculated from the results. 

To optimize the conditions of the cell migration assay,
three compounds of ECM as chemotractants were tested.
Fibronectin, laminin and collagen type IV were analyzed in
concentrations between 1 and 500 μg/ml. Laminin and collagen
type IV showed only a marginal chemotactical effect in the
migration assay (Fig. 1). The highest migratory effect was
observed when using fibronectin as a chemotactical agent in
a concentration-dependent manner (Fig. 1). A distinct
migration was observed at a concentration >6 μg/ml.
Therefore, a concentration of 10 μg/ml was applied in all
subsequent experiments. 

Results

Correlation of PTEN expression in ccRCC with survival and
development of metastases. To quantify the expression of the
tumor suppressor protein PTEN in ccRCC, protein extracts
of renal tumor tissue from 144 patients were analysed by
Western blotting. PTEN in renal tumor tissue was quantified
by computer-aided integration of the bands. The attained
values were correlated with survival of the patients. Of the
144 patients analysed, we obtained survival status from
135 patients with a median follow-up period of 50.6 months
(minimum, 0.27 month because of the early death of the
patient; maximum, 155.2 months). Of these 135 patients,
30 patients died within 5 years after surgery, 22 thereof on
account of tumor disease. One hundred and five patients
survived the 5-year border. Specific patient data are listed in
Table I.

In these 135 patients we quantified PTEN in tumor tissue
specimens. We found a correlation between PTEN expression
and 5-year disease specific survival as well as overall 5-year
survival. In both analyses, we found a 30.1% reduced PTEN
expression (median 0.867 relative units) in patients who died
from any cause compared to those patients surviving 5 years
after surgery (median 1.254 relative units, Fig. 2). This reduced

PTEN expression was significant at p=0.019 (Fig. 2A) and
0.002 (Fig. 2B), respectively. These results were independent
from histopathological grading or tumor stage.

Influence of PTEN on metastasis in an in vivo mouse model.
To verify the relevance of the results obtained in cultured
cells, we determined the role of PTEN in a mouse model. We
analyzed the development of metastases after injection of
wtPTEN transfected cells into the tail vein of athymic mice.
As a control for the sensitivity of the cells in the process of
metastasis, we used VHL transfected 786-O cells, since we
know from our former results and from other groups that
VHL expression inhibits cell migration (29). We observed a
strongly reduced potential for metastases in both, VHL as
well as wtPTEN transfected cells to 3.1 and 2.9% compared
to untransfected 786-O cells, respectively (Fig. 3). 

Generation of mutated PTEN isoforms. To examine the role
of PTEN in development of metastases, the main reason of
death in patients with renal cancer, we analyzed the molecular
mechanisms involved in cell migration as the most important
step in metastasis. We designed several mutant isoforms to
determine the requirement of PTEN's different catalytic
activities: point mutation C124E (loss of overall phosphatase
activity), point mutation G129E (loss of lipid phosphatase
activity) and ΔExon3 (deletion of 14 amino acids in exon 3,
loss of protein phosphatase activity). Additionally, the role
of the C-terminal tail was investigated by a deletion of 43
C-terminal amino acids, ΔC-terminus. In vectors including
wtPTEN and PTEN with point mutations, the restriction
enzymes SalI and BamHI led to the creation of two fragments
of 5127 and 1398 bp, as expected. In PTEN constructs with a
deletion of the C-terminal tail (ΔC-terminus) and exon 3
(ΔExon3), these enzymes resulted in fragments of 5127/1197
or 5127/1353 bp, respectively, giving evidence for successful
deletions. For a further control of the deletion of exon 3, the
construct was additionally treated with the restriction enzyme
HindIII. This process led to fragments of 4962 and 1518 bp,
caused by a newly introduced cut position. Point mutations
were verified by sequencing (data not shown).
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Figure 1. Chemotactical migration of 786-O cells. Fibronectin, laminin or
collagen IV in concentrations between 1 and 500 μg/ml were used as chemo-
taxins. In a Boyden chemotaxis chamber, ~200 cells/cm2 were allowed to
migrate for 16 h through a polycarbonate membrane with a pore diameter
of 8 μm. Fibronectin induced the highest migration and was used as
chemotaxin for further experiments.
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Cell transfection. The described PTEN expression constructs
and EGFP for control were transduced into the PTEN negative
renal cancer cell line 786-O by retroviral transfection. For a
specific detection of the gene products of the transfected
genes, all constructs were in frame tagged with a V5 encoding
sequence, which was localized in 3'-position of the gene

(PTEN-V5). After transfection, protein extracts of the cells
were analyzed by Western blotting with a V5 specific antibody.
In the renal cancer cell line 786-O, all transfectants showed
expression of V5 in the cytosolic as well as the nuclear fraction
in the expected molecular weight (Fig. 4). These results show
a successful transfection of all constructs of PTEN in the
renal cancer cells.

Migration of PTEN transfected renal cancer cells. VHL
transfected 786-O cells, used as a control for the sensitivity
of the cells for migration inhibitory effects (29), showed a
reduced migration down to 80.0% of control cells transfected
with EGFP (Fig. 5). After transfection of the cells with
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Table I. The patient data analyzed by PTEN expression in tumor tissue.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Disease specific survival Overall survival
––––––––––––––––––––––––––––––– –––––––––––––––––––––––––––––––

>5 years <5 years >5 years <5 years
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sex (male/female) 66/39 11/11 66/39 16/14

Age (years)
median (min-max) 64.9 63.9 64.9 67.3

(30.6-82.8) (46.3-86.9) (30.6-82.8) (46.3-88.4)

T
1 58 (55%) 5 (23%) 58 (55%) 11 (37%)
2 15 (14%) 4 (18%) 15 (14%) 4 (13%)
3 31 (30%) 12 (55%) 31 (30%) 14 (47%)
4 1   (1%) 1   (5%) 1   (1%) 1   (3%)

G
1 13 (12%) 4 (18%) 13 (12%) 4 (13%)
2 61 (58%) 5 (23%) 61 (58%) 11 (37%)
3+4 31 (30%) 13 (59%) 31 (59%) 15 (50%)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 2. Expression of PTEN in tumors of patients with clear cell renal cell
carcinoma. Analyzed were tumor tissue specimens from 135 patients with
clear cell RCC by Western blotting. PTEN expression was quantified by
densitometry of the specific bands (relative units). Five-years disease
specific (A) and overall survival (B) are illustrated for patients surviving and
those who died within 5 years after surgery. PTEN expression was
significantly higher in the surviving patients than in patients who died
within this time period (p=0.019 and p=0.002, respectively). Box plots show
medians (central lane), 25% and 75% percentiles (lower and upper side of
the box) and minimum and maximum (lower and upper bars). Extreme
values are not shown.

Figure 3. Metastatic load in the lungs of athymic mice after application of
786-O cells. The metastatic load was analyzed 4 weeks after injection of 106

786-O cells transfected with either EGFP, PTEN or VHL into the tail vein.
786-O cells were detected by quantitative real-time PCR of an ·-satellite
region of the human chromosome 17. Human DNA was determined in ratio
to murine DNA (relative metastatic load). Transfection with PTEN resulted
in a strongly reduced metastatic load in the same order of magnitude as
transfection with the functional positive control, VHL.

823-831.qxd  26/1/2011  11:29 Ì  ™ÂÏ›‰·827



wtPTEN, cell migration was reduced down to 45.0% of control.
This effect was also observed by transfecting the cells with
PTEN G129E (45.3% of control), leading to a reduced lipid
phosphatase activity of PTEN, and PTEN ΔC-terminus (loss
of the C-terminal tail, 47.3% of control). In contrast, after
transfection with PTEN C124S (reduced overall phosphatase
activities of PTEN), this effect was partly abolished (87.0% of
control). A deletion of exon 3 in the PTEN gene (PTEN
ΔExon3, loss of protein phosphatase activity) did not result
in reduced migration (133.3%) compared to the PTEN deficient
control (Fig. 5). These results show that PTEN reduces the
chemotactical cell migration in 786-O cells, and that in

particular its protein phosphatase activity is responsible for
this effect. 

Analysis of PTEN downstream activities. The results described
show a critical role of the protein phosphatase activity of
PTEN in cell migration. To verify the functional activity of
PTEN molecules transfected in 786-O cells, we analyzed the
activity conditions of the PTEN downstream targets Akt,
FAK and Shc by expression of their phosphorylated versions.
Dependent on the PTEN isoform transfected, we observed
different expression patterns of Akt phosphorylated in position
Ser473 (Fig. 6A). In control cells and cells transfected with
VHL, phospho-Akt was observed. After transfection with
wtPTEN or PTEN ΔC-teminus, phospho-Akt disappeared.
In contrast, transfection with PTEN C124S or PTEN G129E
led to no reduction of phospho-Akt. A deletion of exon 3
(PTEN Δexon3) resulted in a marginally reduced expression
of phospho-Akt (Fig. 6A). The reduced amount of phospho-
Akt after transfection with PTEN isoforms without an overall-
or lipid phosphatase activity confirmed the successful
inactivation of the PTEN lipid phosphatase activity by the
used mutated isoforms.

The expression of phosphorylated FAK (Tyr397) was
unchanged in all wild-type and mutated PTEN (Fig. 6B). In
contrast, the expression of Shc phosphorylated in positions
Tyr239/240 differed depending on the transfected PTEN
molecule. After transfection with wtPTEN, PTEN G129E
(loss of lipid phosphatase activity) and PTEN ΔC-terminus,
the amount of phospho-Shc was clearly reduced. In contrast,
transfection of PTEN genes without protein phosphatase
activity (PTEN C124S and PTEN ΔExon3) quantity of
phospho-Shc was similar to the amount in EGFP control
cells.
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Figure 4. Expression of PTEN in renal cancer cells transfected with several
genes. The 786-O cells transfected with EGFP (control), VHL or mutated
PTEN genes by Western blotting from cytosolic (C) or nuclear (N) protein
extracts were analyzed. PTEN mutants were tagged with V5. Detection of
transfected PTEN isoforms was performed with an anti-V5 antibody. Loading
control was done with an anti-ß actin antibody. In all cells transfected with a
PTEN isoform, PTEN was detectable. The band of PTEN ΔC-terminus and
PTEN Δexon 3 showed lower molecular weight because of the encoded
deletions leading to 43 and 14 amino acid-reduced molecules, respectively.
In cells transfected with EGFP (control) or VHL no PTEN was detectable.

Figure 5. Cell migration of transfected 786-O cells. Transfections were performed with EGFP (control), VHL (functional positive control) or mutated PTEN
isoforms. Cell migration was determined in a Boyden chemotaxis chamber. Approximately 200 cells/cm2 were allowed to migrate for 16 h through a
polycarbonate membrane with a pore diameter of 8 μm. The mean values and standard errors (SEM) in percent of control of 3-4 independent experiments,
each 4-fold are demonstrated. Above each bar a microscopic section of the porous polycarbonate membrane including migrated cells (blue staining) is
demonstrated. Mutations of PTEN lead to the following effects: PTEN C124S, loss of overall phosphatase activity; PTEN G129E, loss of lipid phosphatase
activity; PTEN Δexon3, loss of protein phosphatase activity; PTEN ΔC-terminus, loss of PDZ binding domain and phosphorylation sites. Functional PTEN
reduced cell migration, which was abolished after interrupting the protein phosphatase activity.
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Discussion

The tumor suppressor PTEN is known to be involved in the
regulation of proliferation, apoptosis and cell motility. In the
present study we addressed the role of PTEN in processes of
metastases in clear cell renal cancer. In our analyses of native
clear cell RCC tissue of 135 patients we found a significant
correlation between PTEN expression in tumor tissue and the
5-year disease specific survival, as well as overall survival of
the patients. Patients who died within 5 years after surgery
showed a 30% reduced PTEN expression compared to those
who survived 5 years. Since death in renal cancer is usually
caused by distant metastases, disease specific death at least in
these cases should be attributed to the development of meta-
stases. However, for most patients, we have no information
on the date of metastases development, but the date of death,
so that our analyses concentrated on patient survival. Our
analyses suggest that patients with an increased level of

PTEN in tumor tissue have a lower risk for developing
metastases. Merseburger and coworkers observed a
correlation between PTEN expression and status of metastasis
in renal cancer. In contrast to our results, the same authors
detected no correlation between PTEN expression and
survival. However, they determined the presence of
metastases at the time of tumor diagnosis but not during
follow-up (30). Other groups showed a reduced disease
specific survival in RCC patients expressing low levels of
PTEN (31,32), corresponding to our results. However, all
these studies were performed by immunohistochemical
staining of general RCC without differenciation between
histological subtypes. Our analysis was restricted to clear cell
RCC, the most frequent and malignant RCC (33) and the
presented Western blot analyses quantified the analysed
proteins more accurately. The correlation between higher
PTEN quantity and diminished occurrence of metastases
agrees with the finding that an enhanced in vitro expression
of PTEN leads to reduced cell migration and invasion
(21,34,35).

To test the significance of our in vitro findings, we injected
786-O cells transfected with the functional PTEN or VHL
genes into the tail vein of athymic mice and calculated the
metastatic load of the lungs in comparison to injected
unmodified PTEN negative 786-O cells. We found a strongly
reduced metastatic load after PTEN expression, in the same
order of magnitude as after transfection with VHL. This
finding confirms our clinical results that PTEN expression in
ccRCC cells correlates with development of metastases and
shows the profundity of our results determined in vitro.

Based on these observations we aimed to find out which
enzymatic activity of PTEN is responsible for migration
and subsequent metastases. Using mutated PTEN isoforms
transfected into PTEN negative 786-O cells, we differentiated
between general phosphatase activity, lipid phosphatase
activity, protein phosphatase activity and the role of the C-
terminal tail of PTEN. Analyses in a Boyden chemotaxis
chamber demonstrated that migration of the renal carcinoma
cells is obviously regulated by the protein phosphatase activity
of PTEN. We observed an inhibitory effect of functional
PTEN on cell migration, which was abolished after abrogating
the protein phosphatase activity. Inactivation of the lipid
phosphatase activity of PTEN alone or deletion of the C-
terminal tail did not influence the inhibitory function of
PTEN on cell migration (Fig. 5). 

The role of the PDZ binding domain in the C-terminus of
PTEN is controversially discussed. Whereas some studies
demonstrated the importance of the PDZ binding domain in
PTEN activity (7), other authors showed a PDZ independent
PTEN activity. Yet it seems reasonable that loss of the PDZ
binding domain should constrain the translocation of PTEN
and so inhibit its activity. Leslie et al demonstrated that
expression of PTEN lacking the PDZ binding domain
resulted in a loss of cell polarity and migration of mesoderm
cells (18). In contrast, Das and coworkers demonstrated an
unchanged localization of PTEN to the membrane after
deletion of the C-terminus of PTEN (36) and Mosessian and
coworkers also showed that the PDZ binding domain is not
required for the complex binding of PTEN with its substrates
(37). The loss of the phosphorylation sites at the C-terminus
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Figure 6. Phosphorylation status of PTEN downstream targets. (A) Akt, (B)
FAK and (C) Shc in 786-O cells after transfection with EGFP (control),
VHL or mutated PTEN isoforms were analyzed. Expression of
phosphorylated proteins was determined by Western blotting (100 μg
protein per lane) specific for the phosphorylated antigens. ß-actin was used
as loading control. In transfectants with intact lipid phosphatase activity of
PTEN (PTEN, PTEN ΔC-terminus and PTEN Δexon3), expression of
phosphorylated Akt was reduced. Expression of phosphorylated FAK was
unchanged in all transfectants. Expression of phosphorylated Shc was reduced
in cases of PTEN with protein phosphatase activity (PTEN, PTEN G129E and
PTEN ΔC-terminus) and unchanged in case of PTEN with loss of protein
phosphatase activity (PTEN C124S and PTEN Δexon3).
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has an additional effect on the activity of PTEN. Phospho-
rylation of PTEN results in an interaction of the C-terminus
with the phosphatase domain and leads to an inactivation of
PTEN (38). Additionally, in this conformation of PTEN,
the PDZ binding domain is masked (8). However, reduced
localization of PTEN to the membrane is not caused by
PDZ masking, but by blocking of the PTEN electrostatic
membrane binding (36). Therefore deletion of the C-terminus
with the resulting loss of the phosphorylation sites, should
lead to a constitutive active PTEN molecule, since the blocking
effect by masking the phosphatase domain is abolished (3).
However, in our study deletion of the C-terminus resulted in
an unchanged lipid and protein phosphatase activity of PTEN
in 786-O cells, according to the activity of downstream
targets of PTEN. Cell migration was reduced in the same
manner after transfection with wtPTEN. We therefore conclude
that the role of the C-terminus of PTEN, including the PDZ
domain and phosphorylation sites, is probably dependent on
the cell type.

FAK, the adapter molecule Shc (39) and Akt are down-
stream targets of the phosphatase activity of PTEN and are
known to be crucial for regulation of cell migration. After
binding of integrins to compounds of the extracellular matrix
autophosphorylation induces consequently the activation of
FAK by phosphorylation on Tyr397. This modification is
responsible for promoting signal transduction downstream
of FAK and influences cell motility (40). Shc as an adaptor
molecule activating Raf and the MAPK signaling pathway
also influences cell migration via a phosphorylation event.
Phosphorylated at position Tyr239/240 it induces Rho-GTPase-
dependent cytoskeletal reorganisations, leading to enhanced
cell motility (19,41). Akt, activated after phosphorylation
at position Ser473 (42), is the most important downstream
target of PTEN and influences cell migration by several
mechanisms. For example, APE (Akt phosphorylation
enhancer) is phosphorylated by Akt, inducing the formation
of lamellipodia and leading to cell migration (43). A further
substrate of Akt involved in cell migration is ACAP1 (ADP-
ribosylation factor directed GTPase-activating protein 1), which
is involved in integrin recycling and increases cell migration
(44). Furthermore, Rac and Cdc42 are activated by Akt and
relieve cell migration by cytoskeletal rearrangement (45).

Our analyses of the PTEN substrates FAK Tyr397 and
Shc Tyr239/240 revealed that in ccRCC cells the amount
of phospho-FAK was unchanged in all transfectants with all
PTEN isoforms, suggesting that functional PTEN does not
directly lead to a reduction of phospho-FAK, as predicted by
others (21,39). Liliental and coworkers observed the same
unchanged FAK phosphorylation behaviour in fibroblasts
transfected with the wtPTEN gene (34). In contrast to these
findings, ccRCC cells transfected with a protein phosphatase
active PTEN isoform, phospho-Shc was reduced. Comple-
mentary, in assays with protein phosphatase deficient PTEN
isoforms, phospho-Shc expression was unchanged, compared
to the PTEN deficient control. These results indicate that the
reduced inhibitory effect on migration, found after transfection
with protein phosphatase deficient PTEN genes, is caused
by inhibition of Shc dephosphorylation. Quantification of
phospho-Akt (Akt Ser473) as a monitor for Akt signalling
activity, as expected, showed in the ccRCC cells transfected

with lipid phosphatase deficient PTEN isoforms detectable
amounts of phospho-Akt. In cells harbouring a PTEN isoform
with functional lipid phosphatase domain, phospho-Akt was
clearly reduced or even absent. 

In conclusion, the protein phosphatase activity of PTEN
in ccRCC cells is mainly responsible for reduction of phospho-
Shc and the lipid phosphatase domain seems to diminish
phospho-Akt. The most efficient blocking of cell migration is
observed in ccRCC cells transfected with wtPTEN or an
isoform with deficient lipid phosphatase domain and with
deletion of the C-terminal tail, but not with isoforms harbouring
a reduced overall phosphatase activity of PTEN or loss of
protein phosphatase activity. We therefore conclude that the
protein phosphatase ability of PTEN seems to control cell
migration via the enzymatic cascade involving Shc.
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